Abstract The Na/K pump, or Na,K-ATPase, is a key enzyme to the homeostasis of osmotic pressure, cell volume, and the maintenance of electrochemical gradients. Its a subunit, which holds most of its functions, belongs to a large family of ATPases known as P-type, and to the subfamily IIC, which also includes H,K-ATPases. In this study, we attempt to describe the evolutionary history of IIC ATPases by doing phylogenetic analysis with most of the currently available protein sequences (over 200), and pay special attention to the relationship between their diversity and their osmoregulatory role. We include proteins derived from many completed or ongoing genome projects, many of whose IIC ATPases have not been phylogenetically analyzed previously. We show that the most likely origin of IIC proteins is prokaryotic, and that many of them are present in non-metazoans, such as algae, protozoans or fungi. We also suggest that the pre-metazoan ancestor, represented by the choanoflagellate Monosiga brevicollis, whose genome has been sequenced, presented at least two IIC-type proteins. One of these proteins would have given rise to most current animal IIC ATPases, whereas the other apparently evolved into a lineage that, so far, has only been found in nematodes. We also propose that early deuterostomes presented a single IIC gene, from which all the extant diversity of vertebrate IIC proteins originated by gene and genome duplications.
Introduction
One of the most obvious examples of ecological adaptation is salt tolerance. When the salinity of an aquatic habitat is higher or lower than within the body fluids of the organisms living in it, those organisms must transport salts across their epithelia to keep osmolarity within physiological levels (alternative approaches are plant rigid walls, and matching the internal osmolarity to the external one, as osmoconformers do; Krogh 1946) .
To find out which genes are responsible for salt tolerance in animals, almost all related reports use the candidate gene approach, although see Kültz et al. (2007) for an exception. Most studies have focused on the Na,K-ATPase, but there is a list of other proteins also being investigated, such as the Na/K/2Cl cotransporter, the Na/H exchanger, the carbonic anhydrase, theV-type H-ATPase, the Cl/HCO 3 exchanger, and a few others (Towle 1997; Marshall 2002; Evans et al. 2005) .
The most frequent source of evidence for a given protein to be considered relevant in osmoregulation is when its expression or activity is altered after the organism has gone from high to low salt, or vice versa, and specially when that expression is observed in osmoregulatory organs, such as gills. For example, the carbonic anhydrase, which catalyzes the conversion of CO 2 and H 2 O to HCO 3 -and H ? , increases its activity and mRNA expression in the gills of the euryhaline (i.e., survive wide variations of environmental salinity) crabs when exposed to low salinity water (Henry 2005; Serrano et al. 2007) . Conversely, in the rainbow trout, acclimation from fresh to seawater also induces a transient increment of activity of carbonic anhydrase in the intestine (Grosell et al. 2007 ). The salt-regulated proteins may not be directly responsible for the movement of ions from the medium into the organism (or vice versa). Rather, usually several of them act in collaboration with each other setting up electrochemical gradients across various membranes that, in combination, are able to keep a fitting osmotic equilibrium for the organism.
In this paper we focus on the enzyme whose involvement in osmoregulation have been most recognized, the Na,K-ATPase (NKA henceforth). First, we briefly summarize what is known about its role in such adaptation, and secondly, we build the most comprehensive phylogeny for NKAs up to date. We think that the study of the evolution of NKAs is an important step in understanding how the diversity of NKAs relates to their spectrum of functions, including osmoregulation.
The NKA was discovered in leg nerves of crabs by Jens Skou (1957) , who received the Nobel Prize for his work on this enzyme 40 years later. This is a transmembrane protein that utilizes the energy from the ATP hydrolysis transporting, in the best studied cases, 3Na
? from the cytoplasm to the extracellular compartment and 2K
? in the opposite direction, carrying both cations against their respective gradients while maintaining also an electrical gradient. These electrochemical differences are required not only for keeping an osmotic balance, but for many other functions, such as favouring the transport of nutrients and amino acids into the cells, regulation of cell volume, and for the maintenance and restoration of the membrane potential in excitable nerve cells (Therien and Blostein 2000; Cereijido et al. 2004; Kühlbrandt 2004 ). The pump may contain three subunits: the largest one is the a subunit, that undergoes phosphorylation and conformational transition coupled to the ATP hydrolysis and ion transport; the b subunit is required for targeting the a subunit to the plasma membrane; and the smallest one, the c subunit, regulates the pumping activity in a tissue-and isoform-specific way (Garty and Karlish 2006) . The three subunits exist in several isoforms depending on the organism and tissue under study. The a subunit belongs to a large superfamily of evolutionarily conserved transmembrane ATPases known as P-type, because they are primarily characterized for having a phosphorylated intermediate during the reaction cycle. There are various kinds of P-type ATPases: for instance type IIA (e.g., SERCA ATPases, or sarco(endo)plasmic reticulum Ca 2? -ATPase, which pump Ca 2? out of the cytosol into the lumen of the sarcoplasmic reticulum of muscle cells), or type IIIA (e.g., H
? -pumps that maintain an acidic gradient across the plasma membrane in plants and fungi). The a subunit of the Na,K-ATPase (henceforward a-NKA for short) belongs to type IIC, which also includes the a subunit of H,K-ATPases (a-HKA hereafter). Some of the last are found in stomach acid-secreting cells, transporting protons out and potassium inside of these cells Kühlbrandt 2004) .
The role of NKA in osmoregulation is not fully elucidated, and varies depending on the organism or cell type under consideration (reviewed by Towle 1997; Marshall 2002; Evans et al. 2005) . Two general models are Fig. 1 Models for the osmoregulatory role of Na,KATPases in hypersaline (e.g., seawater) and hyposaline environments (e.g., freshwater). See text for a description presented in Fig. 1 , organismal hypoosmolarity (e.g., in seawater) and hyperosmolarity (e.g., in freshwater). Both scenarios place the NKA at the basolateral membrane of specialized cells, the mitochondrial rich cells (MRCs, or chloride cells), which are cells dispersed among regular epithelial cells and in osmoregulatory organs such as gills or the rectal gland of elasmobranchs. The hypoosmolarity or seawater model is more accepted and more general among cell types or organisms. It implies the active transport of Na ? into the blood stream from the cytoplasm of the MRC, building a strong and local electric gradient across the body wall (positive inside), which then drives the transport of Na ? , K ? and Cl -by the Na/K/2Cl cotransporter into the MRC from the blood or hemolymph, and later the passive excretion of Cl -to the external medium through the cystic fribrosis transmembrane conductance regulator, located in the apical membrane of the MRC. The remaining Na ? , following the built electric gradient, would leave the organism through leaky cellular junctions, despite its unfavorable chemical gradient. A K ? channel would recycle this cation to the blood. In freshwater conditions, the NKA is also found at the basolateral membrane of MRCs, actively transporting the cytosolic Na ? into the blood that enters the cell through a Na/H exchanger. This dual role of the NKA in hypo-and hyperosmolarity explains why its activity can increases in the acclimation from freshwater to seawater and vice versa, although this greatly depends on the organism and tissue under consideration (Holliday et al. 1990; Piermarini and Evans 2000; Madsen et al. 2007; Tsai and Lin 2007) .
Our interest on the NKA and its role in osmoregulation stems from our work on the brine shrimp Artemia. This organism comprises several species widely distributed and highly halophilic, which are the only metazoans able to tolerate salt levels close to saturation (Abatzopoulos et al. 2002) . We are generally interested in studying the molecular basis for such remarkable adaptation. In collaboration with colleagues, one of us (AGS) have previously studied the histological and temporal pattern of expression of the two known isoforms of a subunit of NKA in A. franciscana: a1 (Macías et al. 1991 ) and a2 (Baxter-Lowe et al. 1989) . We showed that both isoforms are strongly expressed in osmoregulatory organs although with a different temporal and spatial pattern (Escalante et al. 1994 (Escalante et al. , 1995 . We also showed that the gene coding for a1 shows a high degree of intraspecific variability, perhaps due to balanced polymorphisms (García-Sáez et al. 1997; Sáez et al. 2000) . Interestingly, it has been recently shown that a2 increases its mRNA levels when the external salinity is raised, whereas a1's expression apparently remains unaffected (Jorgensen and Amat 2008) .
As mentioned before, in this article we focus on the diversity and evolution of a-NKAs. Some studies have already investigated the evolution of P-type ATPases Axelsen and Palmgren 1998) , or even more specifically the evolution of a-NKAs (Okamura et al. 2002; Anderson et al. 2004 ). However, the many newly completed genomes projects, such as the one of choanoflagellate Monosiga brevicollis (King et al. 2008) , or of the crustacean Daphnia pulex (a water flea species; Daphnia Genomics Consortium, unpublished), as well as the constant growth of protein sequence databases, recommend an update on this problem.
Materials and methods

Collection of sequences
We used UniProt at http://beta.uniprot.org (The UniProt Consortium 2008) to perform a blast search using the a1 subunit of A. franciscana as the query sequence (UniProt accession number P28774; Macías et al. 1991) . We used the database UniRef100 (release 13.0) on 14-March 2008 using default searching options. UniRef100 combines manual and automatically annotated protein sequences from two different databases, UniProtKB and UniParc, avoiding the redundancy of identical sequences. We checked that the clustered identical sequences belonged to the same species, and so that they only represented duplicated entries. At this point, no fragments smaller than 800 amino acids were selected (P28774 has 1,004 residues). To assess the cut-off score value to use from blast, we considered the observed blast score between our query sequence and the two most basal IIC sequences according to Palmgren and Axelsen (1998) , C09H5.2 and C02E7.1; scores 557 and 550, respectively. We used a lower cut-off score, 440, in order to minimize the possibilities of excluding from our data set true IIC proteins. Sequences with lower blast scores were excluded from our final data set, although we also inspected the list of excluded proteins and saw no apparent IIC proteins. A total of 229 proteins were selected from UniProtKB and 80 from UniParc by our blast on UniRef100. From this large set of 309 sequences, and in order to exclude non-informative sequences that would slow our phylogenetic analyses, we eliminated proteins for which we could find evidence that they were coded by single genes (i.e., splice variants, same genomic location); or for which we considered that possibility a very likely one, due to an equal or larger identity of 98% between proteins from the same species. We also dropped from our database several sequences with clear orthologous in closely related species, such as all Caenorhabditis briggsae's sequences (we had the C. elegans's homologues). After having compiled this data set we searched type IIC proteins directly into the genomes of the following model organisms: Apis mellifera (The Honeybee Genome . After a careful search in each of these genomes, we only found two published sequences not present in our UniProt data set, and which are both among the most divergent a-NKAs ( Fig. 2 ): catp-1 (C. elegans), and CG3701 (D. melanogaster; Okamura et al. 2002) . Thus, although we found a good match between both searches, in UniProt and in the genome surveys, there was the possibility that we could have missed similarly divergent proteins from other species. Therefore, we performed a second search in Uniprot using catp-1 and CG3701 as probes. This way we found CG3701's ortholog Drosophila pseudoobscura's GA17624, and two additional proteins from the choanoflagellate Monosiga brevicollis: ID10758 and ID28085. In June 2008, while revising this manuscript, we added to our data set six new sequences from a new search in an updated version of Uniprot. We also obtained more sequences from very recently sequenced genomes not yet available in Uniprot: one from the amphioxus (Cephalochordata) Branchiostoma floridae (Putnam et al. 2008) , two of the annelid Capitella capitata (US Department of Energy Joint Genome Institute, unpublished), and six from the crustacean Daphnia pulex (US Department of Energy Joint Genome Institute, in collaboration with the Daphnia Genomics Consortium, unpublished). Two more genomes were searched with no additional hits (with respect to Uniprot): Anopheles gambiae (Holt et al. 2002) and Ornithorhynchus anatinus (Warren et al. 2008) . Finally, we also included three outgroups sequences: A. franciscana's sarcoplasmic reticulum Ca-ATPase (SERCA-ATPase; a IIA P-type ATPase), Ca-ATPase mca-1 (IIB), and NaATPase1 ENA1 (IID). We included three outgroups to be able to identify the root of the phylogenetic tree, and to have a sense of the genetic distances within the IIC set in relation to other P-type ATPases. Our data set contained 224 sequences. We include as supplementary information the list of UniProt sequences used in this study.
Phylogenetic analyses
We used MAFFT v5 with default values to align the 224 sequences (Katoh et al. 2005) . In order to avoid the least reliable aligned regions we used Gblocks v0.91b at the Gblocks server (Castresana 2000) , with the most permissive conditions (otherwise too few sites would remain). In the final alignment only 22% of the original positions stayed, i.e., 730 out of 3,315. Simulation experiments have shown that the phylogenetic trees obtained after excluding less reliable sites are closer to the true ones, despite the discard of data (Talavera and Castresana 2007). We also excluded two non-informative sequences (Uniprot codes Q6PIC6 and UPI000065FCD1) because they were almost identical to two other sequences after Gblocks; thus our final data set included 222 protein sequences. To find out the most appropriate model of amino acid substitution for our data set, we used ProtTest v1.2.7, which tested 70 models (Abascal et al. 2005) . By far, the best fitting model was RtREV? I?G?F, that is, the RtREV substitution matrix considering also a percentage of invariable sites, a gamma distribution of site variation and unequal amino acid frequencies. We used PhyML v3.0 to build the phylogenetic tree, a maximum likelihood program (Guindon and Gascuel 2003) , where we selected RtREV?I?G?F as the model of choice. Although we run several times PhyML, changing some optional parameters, and the results were very similar, we finally chose a BioNJ initial tree and a tree topology search based in ''best of NNIs and SPRs'', which gave us the highest likelihood value for the selected model. To assess the reliability of the outcoming tree, we run PhyML on 1,000 bootstrap replicates, and built from them a majority-rule consensus tree using PAUP* (Swofford 2000) , from where we obtained the non-parametric bootstrap values. In order to speed up computing time, during bootstrap we used the gamma shape parameter and the proportion of invariable sites that were estimated by PhyML from the full data set (0.901 and 0.016, respectively).
To specifically focus on the evolution of vertebrate aNKAs and a-HKAs, we ran a second phylogenetic analyses using a subset of these proteins, following again all the steps previously mentioned: alignment (MAFFT), selection of conserved blocks (Gblocks), model selection (ProtTest), and phylogenetic search with 1,000 replicates bootstrap (PhyML). This data set had 41 proteins, including echinoderm and cephalochordate outgroups, and excluding several proteins with clear orthologs already present in the database. Here the best-fitting model found was WAG?I?G?F, and the final number of sites was 979 (82% of the original 1,183 positions).
Results and discussion
In this study we reconstruct the most comprehensive phylogenetic tree produced so far for a-NKAs and the highly related a-HKAs, both known as IIC P-type ATPases. As explained in ''Materials and methods'', it is made of a selection of 219 proteins sequences plus three outgroup sequences belonging to other P-type ATPase subfamilies (i.e., IIA, IIB, IID). Sequences were chosen on the basis of their similarity to a few a-NKAs, whilst excluding other well-characterized P-type ATPases (except for the outgroup), and therefore some of them may not be Na/K (or H/K) pumps, as the vast majority of the correspondent enzymes have never been biochemically tested. Keeping this consideration in mind, the first thing we can say about the tree in Fig. 2 is that the origin of IIC proteins is probably prokaryotic, as the three outgroup sequences are found within the prokaryotic clade. This prokaryotic clade is made of a combination of bacterial and archaeal sequences, and is well supported [87% bootstrap; C70% bootstrap is usually indicative of good support (Hillis and Bull 1993) ]. However, to our knowledge, no prokaryotic NKA activity has been described yet.
Most fungal sequences cluster in a very well supported clade (100% bootstrap). The proteins that have been studied at the functional level in this group are known as ACU (i.e., alkali cation uptake) ATPases. They have been shown to be transporters that mediate the uptake of K ? and Na ? (the later with less affinity), although apparently not in exchange of one another (Benito et al. 2004) . A new subfamily of P-type ATPases, IIE, has been proposed to account for ACU proteins, especially taking into consideration their distinct phylogenetic position (Benito et al. 2004 ; Fig. 2) .
Three additional proteins from fungi, two of them known as PAT1 and PAT2 (i.e., P-type ATPases 1 and 2), are placed in a second fungal clade, also supported with 100% bootstrap, and not closely related to the first clade. Phosphoenzyme formation assays suggest that PAT activity corresponds to a Na,K-ATPase, which if confirmed would imply that the ancestral NKA preceded the split between fungi and metazoa (Fietto et al. 2002) . In fact, many other non-metazoan sequences appear on the tree of Fig. 2 . Functional studies have suggested that at least one of them, rhodophyta Porphyra yezoensis's kpa-1 (i.e., K ? P-type ATPase), is a NKA (Barrero-Gil et al. 2005 ). However, it is possible that important differences exist with respect to typical NKAs. In the case of stramenopile Heterosigma akashiwo's HANA (H. akashiwo Na ? -ATPase), it has been suggested that this protein is unlikely to interact with a b subunit and that it is resistant to the glycoside ouabain, being both features contrary to those of typical NKAs (Shono et al. 2001 ). The phylogenetic relationship among the non-metazoan putative NKAs presents many uncertainties (Fig. 2) . Protozoan sequences form a distinct clade corresponding to nine genes from Paramecium tetraurelia and 14 from Tetrahymena thermophila. With a 99% bootstrap value supporting this protozoan clade, it appears that the evolution of these proteins have emerged through multiple gene duplications, which is no exception in the genome of those two species (Aury et al. 2006; Eisen et al. 2006 ). In T. thermophila, we found that most of the correspondent genes are physically linked, which suggests their relatively recent origin. It is quite interesting to note the high support (88%) of a clade made of three isoforms from nematodes (Caenorhabditis), two from the choanoflagellate Monosiga brevicollis, and one from the oomycete Pythium aphanidermatum. One of the Caenorhabditis proteins, catp-1, has been assigned a role in developmental timing that is independent of its predicted pumping function (Ruaud and Bessereau 2007) . On the other hand, the proximity of these nematode and M. brevicollis ATPases is actually expected, as choanoflagellates are the sister group of metazoa (King et al. 2008) . However, that the sequence of an oomycete turns out to be closely related to animal and choanoflagellate sequences is somewhat surprising. It is known that fungi and animals are relatively close phylogenetically, being amoebozoa (mycetozoa, Dictyostelium discoideum) next to them in the tree of life (all represented in Fig. 2) .
Oomycetes, however, are not fungi but stramenopiles, a more distant group also including brown algae, diatoms, and others (see http://tolweb.org/Eukaryotes/3).
The lower part of the tree of Fig. 2 , in gray, is shown expanded in Fig. 3 . This part includes only animal IIC ATPases that, generally, may be considered bona fide a-HKAs and a-NKAs (Mense et al. 2002; Jorgensen et al. 2003) . There is no bootstrap support for the separation of both sub-trees (i.e., below 50%). However, we noticed that this instability was caused by two very fast evolving sequences in our tree: Drosophila melanogaster's CG3701 and its D. pseudoobscura's ortholog (whose clade is indicated by an asterisk in Figs. 2, 3) . If we ignore the existence of these two proteins in our tree, the bootstrap support for the separation of the sub-tree of Fig. 3 is actually very high (98%). Moreover, four more internal branches rise above the 50% bootstrap value in that case (all indicated by asterisks in Figs. 2, 3) . Nevertheless, even without CG3701 proteins, the phylogenetic relationships among the differently coloured clades in Fig. 2 (only online version of this article) remain poorly supported.
It is important to focus on the position of M. brevicollis's sequences in our tree. As previously mentioned, this species represents, as a choanoflagellate, a resembling living relative of the pre-metazoan ancestor (King et al. 2008) , and so its genome can shed light on the origins of animal a-NKAs. We have found three putative a-NKAs in M. brevicollis. In Fig. 2 we can find two of them next to the only animal (nematode) sequences indicated in this figure. One of the proteins, annotated as ID10758, has only 284 amino acids; the other, ID28085, is also shorter than all the rest of a-NKAs in our alignment: 666 amino acids. Although these two proteins present little similarity to each other and very short overlapping, their close phylogenetic position suggest that they may have a common origin perhaps subsequent to the split between choanoflagellates and metazoans. The third M. brevicollis IIC ATPase is located at the base of the tree of ''core'' animal a-NKAs (Fig. 3) , with ID35405 (1,042 amino acids). Therefore, it appears as if the ancestral pre-metazoan genome coded for at least two a-NKA-like proteins. One would have given origin to those putative a-NKAs today present in nematodes (catp-1, C09H5.2 and C02E7.1 in Caenorhabditis elegans; with identified C. briggsae orthologs, see ''Material and methods''), but without known representatives in other animal lineages. In contrast, a second premetazoan a-NKA, similar to M. brevicollis ID35405, would have evolved into the vast majority of current animal a-NKAs and a-HKAs (Fig. 3) .
There has been speculation on the properties of the ancestral animal a-NKAs (Okamura et al. 2002) , and the M. brevicollis ID35405 sequence gives us the opportunity to enter this discussion. So, does this a-NKA share two of the unique features of most a-NKAs, namely inhibition by the cardiac glycoside ouabain and assembling with a b subunit? There are many residues key to ouabain binding that have been identified (Croyle et al. 1997) . One of the most relevant is Asp121 (numbered according to sheep a1), because when substituted by Glu, using site-directed mutagenesis, it confers great resistance to the drug. The equivalent position in ID35405 is precisely occupied by Glu, and thus, it is consistent with the idea that the ancestral pre-metazoan protein was resistant to ouabain. What about the a/b assemble? The main amino acids responsible for this feature, a SYGQ tract between the seventh and eighth transmembrane domains (Okamura et al. 2002) , are present in ID35405, and therefore it could be expected that M. brevicollis had a b-NKA subunit. However, searching it through the current version of its genome (1.0), we could not find a single hit for such protein, despite numerous searches relaxing blast parameters.
We also searched ouabain binding sites and a/b assembling amino acids in M. brevicollis' ID28085 and ID10758, but we did not find them.
Although to less extent than in Fig. 2 , in Fig. 3 we also see few supporting bootstrap values (i.e., [70%) for relationships between major clades. One of them is for the separation between vertebrate a-NKAs and a-HKAs from the rest of the sequences (85%). In a separate analysis focusing on the vertebrate sequences alone this value is even higher (100%; Fig. 4) . Interestingly, at the base of the vertebrate clade we find two sequences, one from the cephalochordate Branchiostoma floridae (amphioxus) and another from the echinoderm Strongylocentrotus purpuratus (sea urchin). We only found one a-NKA isoform in each of these two sequenced genomes. Given that cephalochordates represent the most basal extant chordate lineage, whereas echinoderms (together with hemichordates) are the closest living relatives of chordates (Putnam Judging by bootstrap support (85%), protostome a-NKAs in Fig. 3 could perhaps fall into two major groups: one made of seemingly more divergent insect and nematode sequences (upper part of Fig. 3) , and a second more inclusive group having a-NKAs not only from insects and nematodes, but from the remaining taxa (annelids, molluscs, crustaceans, etc; lower part of Fig. 3) . In relation to the first class of a-NKAs, the tree suggests that an old lineage of them would have diversified in insects, persisted in nematodes, and disappeared from the remaining animal groups represented in Fig. 3 . It is striking to notice the length of the clade made by Drosophila melanogaster's CG3701 and its D. pseudoobscura's ortholog (indicated by an asterisk; Fig. 2) . As previously explained, the position of this clade is particularly uncertain. In other maximum likelihood trees (under a different model of evolution, or in bootstrap replicates) it branches off early from the main axis of the tree in Fig. 2 , which could be due to the longbranch attraction artefact (Felsenstein 1978) . In those cases, again it lacks bootstrap support and it appears unrelated to the animal sequences indicated in Fig. 2 . Pairwise comparisons between D. melanogaster and D. pseudoobscura for the three Drosophila a-NKAs in our tree show that the rate of evolution of CG3701-like proteins is much faster than for the other two (i.e., 42.2% of identity vs. 79.6 and 96.9%, respectively). Consistent with this observation, we only found CG3701-like annotated proteins within the Drosophila genus, albeit in all twelve Drosophila's whose genomes have been sequenced (Clark et al. 2007 ; http://flybase.org/blast/).
Among the rest of invertebrate a-NKAs, the crustacean Daphnia pulex (water flea) presented six sequences in the same clade (Fig. 3) . Three of the corresponding paralogous are shown at each node. Vertical lines group a subunit isoforms of Na,K-ATPases (a1-a4), and of H,K-ATPases (a-HKAs); discontinuous lines suggest unsure associations genes are found contiguous in the same genome project scaffold (No. 91) and forming a well supported clade (100%), and thus, they are expected to be the result of recent tandem duplications. Perhaps this a-NKA variation could represent part of the adaptation of D. pulex to resist different salinities (Weider and Hebert 1987) . The two known a-NKAs from the brine shrimp Artemia franciscana, a1 and a2, appear in the same clade than D. pulex's a-NKAs, and we have preliminary data about two more isoforms. Thus, it may be that the adaptation of invertebrates to osmotic fluctuating environments could have forced in them the evolution of an array of a-NKA isoforms. In contrast, marine organisms represented in Fig. 3 , such as sea urchins or sea anemones, present only one or two a-NKA isoforms. Consistent with the idea that osmoregulatory fluctuations drive the diversity of paralogous a-NKAs is the observation that two highly conserved amino acids, in transmembrane domains fourth and fifth, vary in their electrical charge among the different copies of D. pulex and A. franciscana, but not in other invertebrates. These two amino acids are Asn324 and Asn776 (numbers according to pig a1). Jorgensen and Amat (2008) recently pointed out that these two positions, when occupied by a positively charged amino acid, like in A. franciscana's a2 (Lys in both), reduce the number of ions transported per catalytic cycle, enabling the enzyme to work under stronger osmotic pressure. Two of the six D. pulex's isoforms also have Lys at one or two of these sites (GNO_342614 shows Tyr and Lys, respectively, and GNO_290684 Lys in both). In marked contrast, none but six other sequences in our 222 proteins alignment showed a basic charged residue in any of these two sites. Four of these changes are in metazoans: zebrafish (Danio rerio) closely related isoforms a1a.2, a1a.3 and a1a.5, and one trout ortholog (Fig. 4) , all with an Asn776Lys substitution. Colina et al. (2007) has studied four a-NKA sites that are more basic in the squid (also in our tree in Fig. 3, i. e., Mollusc) than in the human a1 isoform. They claim that these four substitutions reduce the sensitivity to external Na ? , helping osmoconformers to adapt to marine environments. Looking at these positions in our alignment, we do not see a clear pattern of substitutions related to the environmental conditions in which the organisms live in. However, three of these sites display striking substitutions. Two of them turn to the even more basic Lys (compared to the squid): Tyr127Lys in the sea urchin, and Gly319Lys in one of the two sea anemone isoforms. The third site, Lys914 in the squid (and Ile at the human a1), becomes an acidic Glu in Hydra vulgaris and in one of the sequences from D. pulex, perhaps relating to their freshwater style.
In relation to vertebrate a-NKAs and a-HKAs, we have conducted a separate analysis only for them (Fig. 4) , apart from the one performed for our whole database (Fig. 3) .
We did that in order to avoid very divergent sequences, and thus, obtaining a more reliable alignment (and hence tree). This way, after we run Gblocks, the software to select the most unquestionable parts of an alignment (Castresana 2000) , we obtained more positions from the vertebrate matrix than for the whole data set (979 vs. 730, respectively) . Therefore, we think that the tree shown in Fig. 4 is better founded than the vertebrate part of the tree in Fig. 3 , although both results can be considered. As explained in ''Material and methods'', in the vertebrate separate analysis we also present a more readable tree (Fig. 4) by excluding some vertebrate sequences, especially from mammals, already represented in our analysis by unambiguous orthologs.
Within the monophyletic (100% bootstrap; Fig. 4 ) vertebrate clade, we observed two major clades, a-NKAs and a-HKAs. The evolution of a-HKAs appears more reliable, because of higher bootstrap supports, than the evolution of a-NKAs. We also noticed a higher rate of amino acid substitution in a-HKAs than in a-NKAs, indicated by the longer branches of the first, which is probably related to their functional shift, from transporting sodium to proton. There are two kinds of a-HKAs: gastric and nongastric. The first are responsible for acidifying the stomach and secreting acid in kidneys. Nongastric a-HKAs are less known, and they are expressed in the mammalian colon and prostate (Silver and Soleimani 1999) . Seemingly, they both are missing from most living fishes, although the gastric one has been isolated from the Atlantic stingray, an elasmobranch (cartilaginous fishes; Choe et al. 2004) . We have searched for a-HKAs in the ongoing genome project of the zebrafish (Danio rerio) but to no avail. Thus, it appears that a-HKAs were already present in our most recent common ancestor with cartilaginous fishes, because of their presence in elasmobranches, probably disappearing later from teleosts (boney fishes). We also noticed the apparent loss of gastric a-HKAs in the avian and monotreme lineages, with the chicken and the platypus genomes already available (International Chicken Genome Sequencing Consortium 2004; Warren et al. 2008) . There is an outlier sequence from Xenopus tropicalis at the base of the gastric a-HKA clade. This sequence is described as a nongastric a-HKA in UniProt (Q5BL65), although we have noticed that it presents a specific Glu residue characteristic of gastric a-HKAs in M6 (transmembrane domain number six; Okamura et al. 2002) . There are no representative sequences from X. tropicalis in the nongastric clade, although we found two from X. laevis and one from Bufo marinus, and so one possibility is that the outlier X. tropicalis protein derived in fact from a nongastric a-HKA, suffering later a convergent process of evolution towards gastric a-HKAs. We also noticed that Monodelphis domestica, the gray short-tailed opossum, the first marsupial whose genome has been sequenced (Mikkelsen et al. 2007) , has three contiguous gene copies coding for nongastric a-HKAs instead of the single one found in eutherians (e.g., rat, human, mouse, dog) and monotremes (i.e., platypus), and therefore this triplication appears to be specific to the opossums or perhaps marsupials (metatherians) at large.
Vertebrate a-NKAs are the most studied a-NKAs, especially with regard to mammalian isoforms, a1, a2, a3, and a4, which present different expression patterns and functions (Blanco and Mercer 1998) . Roughly speaking, our trees support four vertebrate clades corresponding to these isoforms (Figs. 3, 4) . However, the evolutionary relationships among these four clades are uncertain. Besides, some of the proteins do not easily fall in one of these four groups (Fig. 4) . One of these proteins is a platypus sequence at the base of the unsupported (i.e., bootstrap \50%) a1 clade. Actually, if we consider this protein as part of the a1 clade, then the clade has a support of 70%. However, its phylogenetic position is awkward, emerging from a very old node, ancestral to birds, amphibious and fishes. Nevertheless, the low bootstrap support for the nodes between the two O. anatinus sequences in the a1 clade, together with the 70% support for that a1 clade, suggest to us that the outlier platypus sequence is a fast evolving a1. The second protein whose position is unclear is D. rerio's a2 (Fig. 4) . Despite of its name, we do not find it in the a2 clade. However, there is no bootstrap support for its current position in our tree, and so we cannot contradict its current classification. If we take that classification as correct, then we share with fishes all mammalian a isoforms except a4, which has only been found in therian mammals (marsupials and eutherians). It is also interesting to observe the long lengths of a4 branches in our tree (Fig. 4) , which are probably due to the functional specialization of a4's, which are expressed mainly in testis (Blanco et al. 2000) . It is also of interest to note that boney fishes, or at least their model representative, Danio rerio, whose genome is in an advanced stage of completion, has six paralogous a1 genes (a1a.1, a1a.2, a1a.3, a1a.4, a1a.5, and a1b), two a3's (a3a, a3b), and as discussed previously, probably one a2. It has been argued that this rich diversification has arisen through a combination of gene and genome duplications (Serluca et al. 2001) . The functional role of these multiple isoforms is far from being understood, but it is thought that, at least in part, may have to do with the adaptive response to osmoregulatory changes (Richards et al. 2003; Bystriansky et al. 2006) .
